To explore the diversity of soil bacteria and changes in the bacterial community structure of Chinese fir plantations of different generations and developmental stages, the genetic diversity of soil bacteria was studied using the 454 sequencing technology. The results showed that the bacterial genetic diversity and community structure of Chinese fir plantation plots under monoculture planting and rotation planting practices were as follows: the Shannon diversity indices of first-generation young plantation of Chinese fir plantations (FYC), second-generation young plantation (SYC), and third-generation young plantation (TYC) initially decreased and then increased to 8.45, 8.1, and 8.43, respectively. Due to different management and tending measures, the phyla showing considerable differences in relative abundance were Cyanobacteria, Nitrospirae, Fibrobacteres, Thermotogae, and Planctomycetes. The bacterial genetic diversity and community structure of Chinese fir plantations at different developmental stages were as follows: the bacterial diversity and the number of operational taxonomic units (OTUs) decreased with increasing forest age; with the increasing forest age of Chinese fir, the bacteria with considerable differences in the relative abundance were Burkholderiales, Xanthomonadales, Ktedonobacteria, Nitrosomonadales, Anaerolineae, and Holophagae. The predominant bacteria of the Chinese fir plantations were Acidothermus, Bradyrhizobium, Lactococcus, Planctomyces, Sorangium, and Bryobacter.
Chinese fir is a major afforestation species in South China, and its plantation area accounts for 21.35% of the total plantation area in China. The use of monoculture planting practices in Chinese fir for multiple generations has resulted in a decrease in community structure, single-tree species, site unsuitability to trees, land productivity, and other related issues. Furthermore, the decline in land productivity causes a series of changes in soil microbial diversity, soil physicochemical properties, and undergrowth vegetation.
Bacteria are an important part of the soil ecosystem (Gans et al. 2005) ; they decompose organic matter to provide nutrients for plants (Timonen et al. 1996; Guaa & Lindström 2009 ), ensure plant health (Doran et al. 1996; Smith & Goodman 1999; Yin et al. 2010) , improve soil structure (Van Der Heijden et al. 2008; Kaschuk et al. 2011) , and enhance soil fertility (Yao et al. 2000; O'Donnell et al. 2001) . Soil bacterial diversity is the basis for the sustainable use of soils (Kaschuk et al. 2011) , and a higher diversity favours stress tolerance (Zhou et https://doi.org/10.17221/10/2018 -SWR al. 2002 . However, traditional cultivation techniques can cultivate only 1% of the soil microorganisms and some bacteria cannot grow in nutritious media, and thus have limitations ( Van'kova et al. 2013) . The development of a large-scale high-throughput sequencing system based on pyrosequencing provides technical support to comprehensively assess soil bacterial diversity and community structure.
High-throughput sequencing is capable of sequencing hundreds of thousands to millions of DNA molecules at a time. The Genome Sequencer FLX (GS FLX; Roche,Switzerland) sequencing system has a read length of 400 bp, and the sequencing information it generates is more accurate and widely used in the study of genetic diversity and community of soil microorganisms, including biogeographical distribution (Fierer & Jackson 2006) , the application of different management measures (Nacke et al. 2011) , exposure to extreme environments (Hollister et al. 2010) , and their correlation with various environmental factors (Yu et al. 2012) .
In the present study, the structure and diversity of soil bacterial communities in Chinese fir plantations of different generations and forest ages and their relationship with environmental factors and soil productivity were evaluated using the GS FLX sequencing system.
MATERIAL AND METHODS
Study area overview. The study area is located in Huangfengqiao National Forest Farm, You County, Hunan Province, P.R. China. The geographical coordinates are 113°09'E-113°51'E, 26°46'N-27°26'N. This area has an elevation of 115-1270 m a.s.l., annual average temperature of 17.8°C, annual precipitation of 1410.8 mm, frost-free period of 292 days, and belongs to the subtropical monsoon humid climate zone. The Huangfengqiao forest farm exhibits zonal distribution across the east and west and generally depicts a medium-low mountain landscape, with a slope with a range of 25-35°. The parent rock is slate shale, followed by limestone, and the soil is predominantly upland red soil that developed from slate shale.
Sample plot settings. The first-, second-, and third-generation Chinese fir plantations with generally the same site conditions, stand structure, and tending and management measures as well as the first-generation Chinese fir plantations of different forest ages were selected as sample plots (Table 1) Sample collection. Soil samples were collected in April 2016. In this study, soil cores (8.3 cm in diameter) were sampled with a soil sampler (SAT-002, Soao, P.R. China) at each corner and in the centre of each plot within a given area of 20 ×30 m, and soil samples were collected at a depth of 5 cm after the humus layer was removed. The soil sample was sieved to remove roots and stones (> 4 mm), mixed evenly, and stored in dry ice. The samples were then transported to the laboratory and stored in a freezer at −80°C. The remaining soil samples were placed in bags, transported to the laboratory, air-dried, and then used in the analysis of physicochemical properties.
Sample analysis. Analysis of soil physicochemical properties: Soil organic matter, total nitrogen (N), Tabatabai and Bremner (1972) , expressed as NH 4 -N mg/kg/h. Catalase activity was determined using the permanganometric method (Samuel et al. 2015) ; Sucrase activity was measured by Hoffmann-Seegerer method (Zhou 1988) . Cellulase activity was measured by the method described by Kanazawa and Mitashita (1986) .
Soil bacterial DNA extraction and molecular identification. Total soil DNA was extracted using an E.Z.N.A. Soil DNA Extraction Kit (Omega, USA), and the 16S rDNA fragment of the extracted total soil DNA was amplified with the forward primer 27F(5'-AGAGTTTGATCCTGGCTCAG-3') and reverse primer 533R(5'-TTACCG CGGCTGCTGGCAC-3'). TransStart FastPfu DNA polymerase (TransGen, P.R. China) was used in amplification reactions, and each 20-μl reaction system contained 4 μl of 5× FastPfu Buffer, 2 μl of 2.5 mM of each of the deoxynucleotide triphosphates (dNTPs), 0.4 μl of the forward primer (5 μM), 0.4 μl of the reverse primer (5 μM), 0.4 μl of FastPfu polymerase, and 10 ng of template DNA, and ddH 2 O was added to a final volume of 20 μl. Reaction mixtures were first incubated at 95°C for 2 min. Then 30 cycles were performed as follows: 30 s at 95°C, 30 s at 55°C, and 30 s at 72°C. Reaction mixtures were then incubated at 72°C for additional 5 min. Each sample consisted of three replicates. The polymerase chain reaction (PCR) products of each sample were pooled and recovered using an Axy Prep DNA Gel Recovery Kit (Axygen, USA). Tris-HCl was used in elution, and the sample was detected using 2% agarose gel electrophoresis. Quantification was performed with a QuantiFluor™-ST blue fluorescence quantification system (Promega, USA), followed by emulsion PCR. The emulsion PCR-enriched products were pre-treated according to the sequencing method described in the XLR70 Kit (Roche, Switzerland), followed by high-throughput sequencing on a Roche GS FLX sequencing system (completed by Shanghai Majorbio Bio-Pharm Technology Co. Ltd.).
Data processing.
Operational taxonomic unit (OTU) clustering: OTUs, similar to those employed for certain taxa (lines, genera, species, grouping, etc.), were used in this study for phylogenetic or population genetics assessment (Caron et al. 2009 ). The resulting sequences were screened for chimeras using UCHIME and excluded from further analysis (Edgar et al. 2011 ). The remaining sequences were then analysed by Mothur (Schloss et al. 2009 ) and compared with the Bacterial SILVA database (Ver. 106; http://www.arb-silva.de/documentation/background/ release-106/). A 97% sequence similarity threshold was used in OTU clustering.
Diversity index analysis. Diversity index analysis was performed using Mothur. Chao 1 estimator and abundance-based coverage estimator (ACE) (Chao 1984; Chao & Lee 1992) were used to calculate community abundance indices; Shannon index (Hill 1973) and Simpson index (Simpson 1949) were employed to calculate community diversity indices; Pielou index (Liu et al. 1998 ) was used as community evenness index; and coverage (Esty 1986 ) was used to indicate sequencing depth.
Statistical analysis. Rarefaction and taxonomy analyses were performed using Mothur, and R language was utilized in graph plotting. SPSS (Ver. 19.0, 2010) was used for ANOVA and Spearman correlation analysis of the experimental data, and redundancy analysis (RDA) was conducted using CANOCO (Ver. 4.5, 2009).
RESULTS AND DISCUSSION
Soil physicochemical properties and enzymatic activity. The physicochemical properties and enzymatic activity of different plots are shown in Table 2 . Significant differences in various indicators of soil physicochemical properties were observed between plots. Because the main soil type in the sample plots was acidic red soil, its pH levels were low. The secondgeneration young Chinese fir plantation showed the lowest pH (4.29). The first-generation young Chinese fir plantation exhibited the highest organic matter content, the highest N content, the highest urease activity, the highest sucrase activity and cellulase activity, and their average values were 88.02 g/kg, 3.56 g/kg, 6.67 mg/g, 7.63 mg/g, and 69.96 μg/g, respectively. The first-generation mature Chinese fir plantation had the highest available N content, with an average of 116.38 mg/kg. The first-generation middle-aged Chinese fir plantation presented https://doi.org/10.17221/10/2018-SWR Data in this table are mean ± SD (n = 3); values within the same column followed by different letters are significantly different at P < 0.05 (ANOVA); FYC -first-generation young plantation; FMC -first-generation middle-aged plantation; FRC -first-generation mature plantation; SYC -second-generation young plantation; TYC -third-generation young plantation https://doi.org/10.17221/10/2018-SWR the highest available K content, with an average of 96.62 mg/kg. The second-generation young Chinese fir plantation showed the highest available P content, with an average value of 1.85 mg/kg. In this study, the organic content, total N, available N, urease, catalase, sucrase, cellulase activities of the third-generation Chinese fir plantations were higher than in the secondgeneration, which is contrary to previous studies (Wu et al. 2011) . This was so because the third-generation plots were planted with Pinus massoniana before Chinese fir and Pinus has a strong ability to modify soil surface properties (Jeddi et al. 2009 ) Diversity of undergrowth vegetation. The diversity index and the evenness index of undergrowth vegetation communities in 15 plots are shown in Table 3 Soil bacterial diversity statistical analysis. Using the 454 sequencing method, the total of 185 256 sequences were generated after optimization, with an average length of 461 bp. Sequences with fragment lengths > 400 bp accounted for 76.62% of the total number of sequences.
The dilution curve showed that the number of OTUs in each sample increased with sequencing data. When the sequencing depth was 10 000, the dilution curve of each sample remained unsaturated, indicating that new species were continuously being detected in the sample with increasing sequencing data (Figure 1 ). Rarefaction is a technique to assess species richness from the results of sampling (Newton 2007) . If a rarefaction curve becomes parallel to the x-axis, we can trust the observed level of richness. But in our study, the rarefaction curve was steep. Maybe it was so because we did not have a sufficient sequencing depth or the taxon was extremely rare or common (Bush et al. 2004) . The analysis of Shannon diversity index curve depicted saturation, indicating that the amount of sequencing data obtained in this study basically reflected the bacterial diversity and composition of each soil sample (Figure 2 , Table 4 ).
Analysis of bacterial diversity in Chinese fir plantations. The analysis of soil bacterial community diversity in Chinese fir plantations is shown in Table 3 . The third-generation young Chinese fir In terms of Shannon index and Simpson index, FYC exhibited the highest soil bacterial diversity, followed by TYC, and SYC had the lowest soil bacterial diversity, indicating that soil bacterial diversity was restored after the rotation planting of P. massoniana. At different developmental stages of the first-generation Chinese fir plantation, Shannon indices of the bacteria gradually decreased with increasing stand age, whereas Simpson indices gradually increased with decreasing diversity. With the growth of Chinese fir, the amount of litter increased, resulting in an increase in the levels of autotoxic phenolic compounds from Chinese fir, thereby reducing the abundance, distribution, and diversity of bacteria in the soil (Blum 1998; Liang et al. 2009 ). Analysis of bacterial community characteristics in Chinese fir plantations. The predominant species in the soil of Chinese fir plantation included Proteobacteria, Acidobacteria, Chloroflexi and Actinobacteria, with relative contents of >5% (Figure 3) . The relative abundances of Nitrospirae and Fibrobacteres in the first-generation Chinese fir plantation, the Chinese fir plantation after the rotation planting of P. massoniana, and the Chinese fir plantation under monoculture planting practice were high, low and high, respectively, and those of Thermotogae and Armatimonadetes in the above three planta- ). The relative abundance of Cyanobacteria in the plantation under rotation-planting practice was significantly lower than those of the first-generation plantation and secondgeneration plantation under monoculture planting practice. Therefore, Cyanobacteria, Nitrospirae, Fibrobacteres, and Thermotogae were more sensitive to the rotation planting of P. massoniana, whereas Planctomycetes were more sensitive to monoculture planting practices. Ammonia or ammonium salt could be transformed into nitrate by Nitrospirae in the soil. Nitrate can provide nitrogen for plants, improve alkaline soil and increase the utilization of phosphate fertilizer. In our study the increasing Nitrospirae showed that the soil environment was improved in the TYC. The ability of cellulolytic bacteria to degrade cellulose has been shown (Wilson 2008) . Because of the large number of Miscanthus floridulus in the TYC plot, which provided abundant cellulose, the Fibrobacteres were higher than in SYC. The relative abundances of Bacteroidetes (FYC 14.27%, FMC 6.34%, and FRC 11.76%) and Cyanobacteria (FYC 9.51%, FMC 4.55%, and FRC 8.79%) initially decreased and then increased, and that of Nitrospirae initially increased and then decreased (FYC 3.85%, FMC 9.87%, and FRC 3.91%). With increasing forest age, the relative abundances of Planctomycetes and Firmicutes decreased and increased, respectively. Both soil management history and compost amendment had significant effects on the Planctomycetes diversity, and variations in soil organic matter, Ca 2+ content, and pH were associated with variations in the Planctomycetes community composition (Buckley et al. 2006) . It is difficult to restore the abundance of Planctomycetes in the soil, so the relative abundances of Planctomycetes decline.
Effect of environmental factors on the soil bacteria of Chinese fir plantations. Based on bacterial community characteristics, we chose six bacterial communities (Burkholderiales, Acidothermaceae, Acidobacteria, Nitrosomonadales, Xanthomonadales and Rhizobiales) with significant changes in relative abundance or very important to plants for assessing the impact of the environment on bacteria (Moulin et al. 2001 , Jiang et al. 2008 and Ward et al. 2009 ). Six soil bacterial communities in the Chinese fir plantation, three bacterial diversity variables and Table 1 Figure 4. The ordination diagram of redundancy analysis with predominant soil bacterial communities For abbreviations explanation see Table 1   FYC1  FYC3  FMC2  FRC1  FRC3  SYC2  TYC1  TYC3  FYC2  FMC1  FMC3  FRC2  SYC1  SYC3 TYC2  SYC3  SYC2  FRC1  FMC1  FMC3  FYC2  TYC1  TYC3  SYC1  FRC3  FRC2  FMC2 Relative abundance of community (%) (Figure 4 ). Heatmap analysis of soil bacterial communities of Chinese fir plantations. Fifteen soil samples were clustered based on OTU abundance similarity at the genus level, and their clustering results were displayed using a heat map. FMC and FRC showed the most similar soil bacterial community structures, whereas FYC showed a relatively low level of similarity with the other bacterial communities. The relative abundances of Micromonospora and Flavobacterium in FYC and TYC were about 1%, whereas the corresponding relative abundances in SYC, FRC, and FMC were only about 0.1%. The relative abundances of Pirellula, Phaselicystis, Luedemannella, and Gemmata in FRC were lower than those in the other plots. The relative abundances of Flexibacter and Haliangium in TYC were higher than those in the other plots. The relative abundance of Nitrospira in FMC was higher than that in the other plots. In terms of bacterial abundance at the genus level, Acidothermus, Bradyrhizobium, Lactococcus, Planctomyces, Sorangium, and Bryobacter showed the highest counts ( Figure 5 ).
